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Abstract-The longfin mako (Isurus paucus) is a poorly studied oceanic shark taken in fisheries throughout its worldwide range in temperate and tropical waters. Satellite-linked tags were deployed to investigate the movements of 2 mature males, one tagged in the northeastern Gulf of Mexico (GOM) and the other off northern Cuba. Horizontal tracks estimated by using likelihood methods were similar for these sharks; comparable movements were documented from the GOM, through the Straits of Florida and the Bahamas, and into the open Atlantic Ocean where they converged on the Mid-Atlantic Bight. Depth and temperature ranges were 0-1767 m and 4.0-28.8°C. A diel pattern of vertical movement was evident for both individuals, along with regular forays from cold daytime depths to warmer near-surface waters, possibly as an adaptation for thermoregulation. The vertical movements of longfin makos allow them to exploit vertically migrating prey but these movements increase their vulnerability to pelagic longlining. The horizontal movements of these sharks reveal the limited benefit of areas currently closed to pelagic longlining off the southeastern United States and also indicate the connectivity of U.S., Cuban, Mexican, and Bahamian waters for this species. Because of the vulnerability of longfin makos to overexploitation, improved biological information is needed for accurate stock assessments and appropriate management and conservation measures.
The shark genus Isurus comprises 2 species with similar morphological features, the shortfin mako (I. oxyrinchus) and the longfin mako (I. paucus) (Compagno, 2001) . The longfin mako is a global oceanic species that inhabits both tropical and subtropical waters (Compagno, 2001) but also ranges into temperate seas (Queiroz et al., 2006; Bustamante et al., 2009; Mucientes et al., 2013) . In the western Atlantic Ocean, the longfin mako has been documented in the Gulf Stream off the eastern United States, off Cuba's northern coast, as far south as southern Brazil (Compagno, 2001) , and as far north as Georges Bank (Kohler et al., 1998) . In the Gulf of Mexico (GOM), longfin makos have been observed infrequently but have been reported in the northern GOM off the Mississippi River and south of Panama City, Florida (Killam and Parsons, 1986) and in the southern GOM off Tabasco, Mexico (Wakida-Kusunoki and de Anda-Fuente, 2012) . Despite its large size (to at least 417 cm in total length [TL] ; Gilmore, 1983) , the longfin mako is an understudied species, partly because of its relative rarity, its pelagic nature, and observers' confusion with its congener, the shortfin mako (Castro, 2011) .
The longfin mako is not directly targeted in any fishery, but is taken as bycatch throughout its range in tropical and temperate waters by pelagic longline fisheries that target swordfish (Xiphias gladius), tuna species (Thunnus spp.), and other shark species (Reardon et al., 2006; Mucientes et al., 2013; Frédou et al., 2015) . In a study of shark bycatch in the small-scale, pelagic longline fishery of northwest Cuba, Guitart Manday (1975) reported that the longfin mako was the sixth most common shark by weight of the 11 shark species reported; a more recent study of this fishery ranked the longfin mako higher in landings (Aguilar et al., 2014) . Fins of longfin makos are of desirable quality and have been reported in the Hong Kong (Clarke et al., 2006) , Chilean (Sebastian et al., 2008) , and Indonesian fin trades (Sembiring et al., 2015) . Consequently, in some fisheries but not in the Cuban fishery, this species may be finned and discarded at sea; hence, landings of longfin makos may be underreported (Reardon et al., 2006) . Given the apparent declines in some populations of the shortfin mako (Baum et al., 2003; Dulvy et al., 2008) , it is likely that populations of the longfin mako have been affected by intensive pelagic longline fisheries (Reardon et al., 2006) . Because of its rarity, low reproductive potential, and bycatch-induced mortality, the longfin mako is listed as vulnerable in the IUCN Red List of Threatened Species (Reardon et al., 2006) and in 2008 was added to Appendix II of the Convention on the Conservation of Migratory Species of Wild Animals . In U.S. waters, retention of longfin makos has been prohibited for both commercial and recreational fishermen since 2000 under the National Marine Fisheries Service (NMFS) fishery management plan for sharks that inhabit the Atlantic Ocean and adjacent waters (NMFS 1 ). In an ecological risk assessment of shark species caught in Atlantic pelagic longline fisheries, Cortés et al. (2015) ranked the vulnerability of the longfin mako among species at highest risk and highlighted the need for better basic biological information for this shark.
Satellite-linked tagging technologies have provided researchers with effective tools for revealing home ranges, movement and migration routes, and habitatuse patterns of marine predators (Hammerschlag et al., 2011) . Most lamnid species have been studied by using satellite tracking. These species include the shortfin mako (Loefer et al., 2005; Stevens et al., 2010; Rogers et al., 2015) , white shark (Carcharodon carcharias) (Bruce et al., 2006; Weng et al., 2007; Nasby-Lucas et al., 2009) , porbeagle (Lamna nasus) (Pade et al., 2009; Saunders et al., 2011; Francis et al., 2015) , and salmon shark (L. ditropis) (Weng et al., 2005 (Weng et al., , 2008 . However, there are no detailed reports of satellite-tracked longfin makos from any part of the global range of this species. Conventional tagging results in U.S. waters, although sparse, indicate movement of longfin makos from the eastern GOM into the western North Atlantic Ocean, likely through the Straits of Florida (Kohler et al., 1998) . We are the first to use satellite tracking as a means of assessing the behavior, ecology, and vulnerability to fisheries of this species.
Materials and methods
Two specimens of the longfin mako, one from the northeastern GOM and one from the southeastern GOM, were captured and tagged with pop-up satellite archival tags to track their horizontal and vertical movements. In 2012, a male longfin mako (LFM1) was captured during an overnight pelagic longline set deployed on 27 April in the northeastern GOM (28.40°N, 85.84°W) from the RV Weatherbird II of the Florida Institute of Oceanography. In 2015, a second male longfin mako (LFM2) was captured during an overnight pelagic longline set deployed from an artisanal Cuban fishing vessel on 13 February off Cojimar in northwest Cuba (23.26°N, 81.98°W).
When LFM1 was captured in 2012, the sea-surface temperature (SST) was 25.3°C and depth to the bottom was approximately 334 m. The gear targeted pelagic fish species and consisted of 26 km of mainline with 30-m gangions composed of 136-kg monofilament connected through a 9/0 nickel-plated swivel to 1 m of 0.8-mm stainless steel cable. The 202 hooks deployed were 18/0 circle hooks with zero offset and were baited with Spanish mackerel (Scomberomorus maculatus) or little tunny (Euthynnus alletteratus) and were suspended at depths 30-60 m below the surface. Chemical glow sticks (Chemilures, 2 World Plastics, San Carlos, CA) were attached to the gangions approximately 2 m above each baited hook as a fish attractant. Upon haulback of the gear the following morning on 28 April, one longfin mako was among the catch. The captured shark was lifted out of the water and brought on deck with a specially designed cradle to support the shark's body weight (Grace et al., 2007) . The animal remained within this cradle for measuring and tagging procedures, during which time its gills were irrigated with seawater from a hose inserted into its mouth.
The shark was tagged with a pop-up satellite archival tag (Mk10; Wildlife Computers, Redmond, WA). The tag archived measurements of ambient temperature, pressure, and light level at 3-s intervals and summarized these data into 8-h periods to facilitate data transmission. The tag was programmed to detach after 90 d on the shark, float to the sea surface, and transmit a summary of its archived data by way of the Argos satellite system with time-at-depth and time-attemperature histograms in 14 user-defined bins. Black antifouling paint (EP-2000; ePaint Company, East Falmouth, MA) before deployment had been applied to the tag, excluding its sensors and label. At deployment, the tag was inserted into the shark's dorsal musculature just below the first dorsal fin by using a stainless steel dart (Type SSD; 34.0 × 8.5 mm; Hallprint Pty. Ltd., Hindmarsh Valley, Australia) attached to a 15-cm tether composed of 55-kg coated, braided wire (Berkley, Spirit Lake, IA). To avoid tag destruction from extreme depth, a mechanical release device (RD1800; Wildlife Computers), designed to release at a depth of 1800 m, was threaded inline at the midpoint of the tether. The tether, excluding the portion with the RD1800 device, was protected with heat shrink tubing (3M, Two Harbors, MN). A conventional Rototag (Dalton ID Systems Ltd, Henley-on-Thames, UK) and dart tag (Hallprint Pty. Ltd.) also were applied to the shark's first dorsal fin and dorsal musculature, respectively. The condition of the tagged shark at release was scored as condition 4 (>30 s of revival time, limited swimming on release) according to the release condition categories of Hueter et al. (2006) .
In 2015, when LFM2 was captured, the SST was 25.7°C and depth to the bottom was approximately 750 m. The gear targeted pelagic fish species, in particular istiophorids and swordfish, and consisted of 8 km of mainline with gangions of 20-30 m, both composed of 2-mm twisted monofilament. The 66 hooks deployed were either 15/0 or 16/0 J hooks baited with salted clupeid and cyprinid fish species (e.g., silver carp [Hypophthalmichthys molitrix]), and suspended approximately 40 m below the surface. The fishermen attached battery-powered light-emitting devices (known locally in Cuba as lampos) to the gangions approximately 3 m above each baited hook. During gear retrieval in the early morning of 14 February, the hooked shark was transferred from the fishing vessel to a research boat, secured by tail rope at the stern, and maintained in the water during the process of taking measurements and tagging.
This shark (LFM2) was tagged with a MiniPAT (Wildlife Computers) that archived measurements of temperature, pressure, and light level at 5-s intervals and summarized these data into 6-h periods. The tag was programmed to detach from the shark after 150 d, and the time-at-depth and time-at-temperature histograms of the data were distributed among 12 userdefined bins. Unlike the Mk10 tag, which was deployed on LFM1, the MiniPAT sends time-series data of depth and temperature by way of the Argos satellite system in addition to archiving that data. A clear antifouling coating (Propspeed, Propspeed USA, Miami, FL) had been applied to the tag, excluding its sensors and release pin. At deployment, the tag was inserted into the dorsal musculature of the shark just below the first dorsal fin by using a plastic anchor (Domeier; 20×14 mm; Wildlife Computers) attached to a 15-cm tether composed of stainless steel wire rope with a 23-kg load capacity (type 18-8; McMaster-Carr, Santa Fe Springs, CA). A newer version of the RD1800 device was employed with an internal pin that breaks under pressure at a depth of 1800 m, releasing the tag from the tether. The tether, excluding the portion of the RD1800 device, was protected with heat shrink tubing (3M). No conventional tag was applied to this shark. The condition of the shark at release was classified as condition 2 (no revival time required, slow but strong swimming on release; Hueter et al., 2006) .
For both sharks, species identification was determined by the presence of taxonomic characteristics of the genus Isurus (Campagno, 2001) , together with a first dorsal fin well behind the free rear tip of the pectoral fin, dark coloration on the ventral surface of the snout, and long pectoral fins, all of which collectively distinguish the longfin mako from the shortfin mako (Guitart Manday, 1966; Garrick, 1967; Bustamante et al., 2009 ). Maturity of the 2 males was assessed by stage of clasper development and its condition.
Compiled data collected through the Argos system were uploaded to the Wildlife Computers Data Portal (website) for processing with GPE3 software (Wildlife Computers). This statistical processing tool runs exclusively on the tag manufacturer's Internet servers. The GPE3 software uses tag data and corresponding SST (NOAA Optimum Interpolation (OI) SST V2 High Resolution) and bathymetry (NOAA ETOP01 global relief model, Bedrock version) reference data as inputs into its gridded hidden Markov model to generate the most likely animal location for a given time, as well as a distribution of likelihoods as an indicator of location quality. This model provides an overall score as an indicator of how well the model fits the observed data. We ran the model with varying inputs for the parameter of animal speed to generate a fit with an optimal score and realistic maximum likelihood track (MLT). Optimal MLTs for LFM1 and LFM2 were generated by using animal speed inputs of 4.5 and 2.5 m/s, respectively. The total distance of the MLT was calculated with GE-Path software (vers. 1.4.5). Likelihood surfaces were generated by using the raster and ncdf packages for statistical software R, vers. 3.2.3 (R Core Team, 2015) and by using the script made available by the tag manufacturer. For comparing the MLT with SST, we produced imagery in R from the Group for High Resolution Sea Surface Temperature (GHRSST) global 1-km SST data set (website) using functions in the fields, maps and raster packages for R.
We assigned a diel period to each record (day, night, dawn, dusk) in the time-series data sent by the Mini-PAT. To approximate the times of sunrise and sunset for a given date and location (from the MLT), we consulted an online calculator (website). On the basis of these estimates, dawn was defined as the 30-min period before and after sunrise, and dusk was defined as the 30-min period before and after sunset. To evaluate differences in percent time at depth and percent time at temperature between the 2 sharks and to test differences between day and night, we performed 2-sample Kolmogorov-Smirnov (K-S) tests. Mean depths between diel periods were compared with Welch's unequal variances t-test. These statistical analyses were performed by using the stats package for R (R Core Team, 2015) .
To further investigate the environmental drivers of behavior, we used the time-series depth data from the MiniPAT to calculate vertical speed (as a proxy for activity level) for comparison with the corresponding temperature at depth. The difference between sequential depth data points was used to determine vertical velocity. The absolute value of the vertical velocity was considered the vertical speed. We then examined the relationship between daily mean vertical speed and minimum (daytime) and maximum (nighttime) temperatures during that segment of the day, using a linear least-squares regression analysis. This analysis was also used to examine the relationship between daytime interforay duration and mean temperature, as well as to test for a possible correlation between mean nighttime depth and moon phase. For the latter analysis, moon illumination data were acquired from the U.S. Naval Meteorology and Oceanography Command (website) and were arcsine-transformed before statistical analysis (Abascal et al., 2010) . All regression analyses were performed in SigmaPlot 10.0 (Systat Software Inc., San Jose, CA).
Results
On 28 April 2012, LFM1, a mature male (precaudal length [PCL]=201 cm), was tagged with a Mk10 popup satellite archival tag in the northeastern GOM. The 90-d tag was released on schedule and began transmitting on 27 July 2012. The first location recorded through the Argos system (37.46°N, 72.35°W) was 330 km east-northeast of Virginia Beach, Virginia, a minimum at-sea distance of 2233 km from the tagging site (Fig. 1A) . Transmitted data were received over a period of 8 d, providing approximately 70% of the summary data. Therefore, although the condition of this shark was judged to be relatively poor (condition 4) when tagged and released, the transmitted data revealed that this animal survived the capture-and-release event.
On 14 February 2015, LFM2, a mature male measuring 190 cm PCL, was tagged with a MiniPAT off the northern coast of Cuba. The 150-d tag was released on schedule and began transmitting on 15 July 2015. The first location recorded through the Argos system (37.21°N, 73.51°W) was 223 km east-northeast of Virginia Beach, Virginia, a minimum at-sea distance of 1762 km from the tagging site (Fig. 1B) . The tag transmitted data for 21 days, providing approximately 82% of the summary data.
Horizontal movements
During the first 3 weeks after tagging, LFM1 remained off the continental shelf in the eastern GOM, moving in a southeasterly direction (Fig. 1A) . By the third week of May, the shark entered the Straits of Florida and then continued on an easterly path in the waters between Cuba and the Florida Keys. Then LFM1 moved in a northeasterly direction and entered waters of the Bahamas by the end of May, passed to the west of Grand Bahama Island, and moved into the open Atlantic Ocean by early June. During the first 3 weeks of June, the shark maintained a northeasterly direction until reaching continental shelf edge waters offshore of the mouth of Chesapeake Bay. For the rest of its track, LFM1 remained within warm Gulf Stream waters and largely off the continental shelf 100-400 km from the coasts of Delaware, Maryland, and Virginia ( Fig. 1A;  Fig. 2, A and B) . The northernmost position of the track (39.25°N, 72.83°W) was reached on 11 July. The total distance of the MLT was 6809 km, representing a mean movement rate of 75.7 km/d.
The MLT for LFM2 displayed movement from the northern coast of Cuba into the Straits of Florida in the latter half of February, followed by movements into waters of the Bahamas by early March (Fig. 1B) . Then LFM2 remained in Gulf Stream waters between Grand Bahama Island and southeast Florida for a period of about 3 weeks. By late March and early April, the shark moved back through the Straits of Florida in a westerly direction. After reaching the edge of the Yucatan shelf by mid-April, LFM2 moved northward into the GOM. By the beginning of May, the shark initiated southerly movements and re-entered the Straits of Florida, and it was located south of the Florida Keys by the first week of May. Next, LFM2 continued on an easterly to northeasterly path through the Bahamas (north of Andros Island), into the open Atlantic Ocean, and off the continental shelf. This shark continued in a northeasterly direction during the latter half of May. Then LFM2 remained in pelagic waters and shifted to a northerly direction during the month of June. On 24 June, the shark reached its northernmost position (39.38°N, 70.65°W) before moving in a southwesterly direction during July to the point where its tag was detached (on 15 July). During late June and the first half of July, LFM2 remained within the Gulf Stream and off the continental shelf, approximately 140-330 km from the coasts of New Jersey, Delaware, Maryland, and Virginia (Fig. 2, C and D) . The total MLT covered 8826 km, a mean movement rate of 58.8 km/day. By comparing the 2 tracks for the calendar days they had in common, one in 2012 and the other in 2015, one can observe a high degree of synchronicity in the movements of these sharks in the GOM and Straits of Florida, in their parallel tracks northward in the Atlantic Ocean, and in their convergence in the Mid-Atlantic Bight (MAB) (Fig. 3) . In U.S. territorial waters, a broad system of areas in the GOM and off the Atlantic coast are closed year-round or seasonally to pelagic longline fishing (NMFS 3 ). Both LFM1 and LFM2 stayed largely outside these protected areas (Fig. 3) .
Vertical movements
Both sharks undertook daily vertical movements and portions of most days were spent near the surface and at depths in excess of 200 m. For LFM1, the depth and temperature ranges experienced during its recorded track were 6-952 m and 4.6-28.8°C. The mean daily vertical range (i.e., difference between minimum and maximum depths) was 494.7 m (standard deviation [SD] 173.8). For LFM2, the ranges in depth and temperature were 0-1767 m and 4.0-28.4°C. The mean daily vertical range of this shark was 435.4 m (SD 147.0). The depth profile for LFM2 indicates a pattern of diel vertical migration (DVM), with the shark spending nighttime toward the surface and daytime at greater depths and with periods of dawn and dusk spent largely at intermediate depths (Fig. 4) . We noted evidence of seasonal variation in vertical habitat use; LFM2 remained at shallower depths at night during June and July than during other months (Fig. 4) (Fig. 5) . The mean depth at dawn (245.1 m [SD 104.5]) was shallower than the mean depth at dusk (258.7 m [SD 111.9]; P=0.023) (Fig. 5) .
The results from a comparison of the histogram data for the 2 sharks indicated similar time-at-depth distributions (K-S test: P=0.575; Fig. 6A ), although some differences were noted. For example, LFM2 spent 26.1% of its time in the depth range of 300-400 m and LFM1 spent 10.0% of its time within that range. The first longfin mako spent more time at depths >500 m (10.3%) than did LFM2 (1.6%; Fig. 6A ). Time-at-tem- perature distributions were not significantly different for these sharks (K-S test: P=0.989), and both sharks spent the largest proportion of their time in waters with a temperature range of 24-27°C (Fig. 6B) . Large proportions of time in cold temperatures were observed; LFM1 and LFM2 spent 19.6% and 14.5% of their time in temperatures ≤12°C, respectively. We separated the binned histogram data for LFM2 into 12-h blocks of time that roughly corresponded to day (0800-2000) and night (2000-0800). The differences between day and night for time at depth (K-S test: P=0.536; Fig. 6C ) and time at temperature (K-S test: P=0.9895; Fig. 6D) were not significant but further highlighted the DVM pattern.
Plotting time-series depth and temperature data for LFM2 was useful for visualizing dynamic patterns in vertical movement, although the relatively low resolution of these data (10-min intervals) precluded accurate calculations of ascent and descent rates. This shark spent daytime periods largely at depth (mean daily depth: 321.7 m); however, we noted upward vertical forays during these periods that appeared to be regularly timed and came closer to the surface when the temperature at depth was coldest (Fig. 7) . The depth profile in Figure 7D shows that LFM2 experienced a change in temperature as high as 18.8°C during its upward movements but spent a relatively brief period of time in the warmer, near-surface waters (approximately 10-15 min) before initiating descent. When we examined this daytime pattern over LFM2's entire track, we found an inverse linear relationship between temperature and vertical speed (coefficient of multiple determination [R 2 ]=0.63; Fig. 8A ).
In contrast, vertical speed during the night for this shark did not appear to be correlated with temperature (R 2 =0.001). For LFM2, mean vertical speed in the daytime (2.3 m/min) was higher than in the nighttime (1.91 m/min; P=0.0133). Mean vertical speed at dawn (3.46 m/min) did not differ from that at dusk (3.48 m/min; P=0.921), although both crepuscular periods showed that this shark traveled at significantly higher speeds than during day and night (P<0.0001). Further, we examined the durations between the upward daytime forays from depths of 250-531 m for the entire track of LFM2 (n=36) and found that they ranged from 1.2 to 3.8 h. The results of a linear regression indicate that the duration between these forays was correlated with the mean temperature experienced by this shark at depth (R 2 =0.60; Fig. 8B ). Time-series data further revealed that LFM2 did not always remain in near-surface waters during the night because forays to depths >250 m were not uncommon, particularly during the period February-May (Fig. 9) . Unlike the regularly timed daytime movements from depth (>250 m) toward the surface, the nighttime dive profiles for this shark were more variable and indicated a period of bottom time 
Discussion
This article is the first published report on the movements and vertical habitat use of the longfin mako, a poorly studied shark species for which our knowledge has largely been based on incidental catches from pelagic fisheries. This study is based on 2 satellite tracks, and the results revealed similar movements of the 2 longfin makos from the GOM to the western North Atlantic Ocean, as well as a diel pattern of vertical movement, a tolerance for extended periods in deep cold water, and dynamic vertical forays.
Horizontal movements and distribution
The MLTs for the 2 longfin makos revealed long-distance movements from the eastern GOM, through the Straits of Florida, and into the open Atlantic Ocean off the northeastern coast of the United States. Although direct comparisons between movement rates are made difficult by differences in tracking or analytical methods, the rates of movement for LFM1 (75.7 km/d) and LFM2 (58.8 km/d) are comparable with those reported for other lamnids. Short-term acoustic tracks of shortfin makos have indicated mean speeds of 53 km/d (2.2 km/h; Sepulveda et al., 2004) . Migratory tracks from satellite tagging of white sharks have shown mean movement rates of 74.4 km/d (Bruce et al., 2006) and that individual white sharks travel as fast as 119 km/d (Weng et al., 2007) . Data from conventional tagging of longfin makos, although scant, have indicated movements consistent with those observed with our satellite-tracked longfin makos: 2 sharks conventionally tagged in the eastern GOM were recaptured off the coasts of northern Cuba and eastern Florida (Kohler et al., 1998) . Data from a more recent return of a conventional tag from a longfin mako indicated movement from the eastern Caribbean to the continental slope off of Delaware Bay (Kohler 4 ). Off the U.S. north Atlantic coast, this species has been tagged in waters along the shelf edge (at depths >200 m), and the few recaptures from this area indicate a pattern of movement eastward into deeper pelagic waters (Kohler et al., 1998) .
The presence of LFM1 and LFM2 in the Straits of Florida is consistent with fisheries data from this region. In an overview of the landings of large pelagic species along the northern coast of Cuba, Guitart Manday (1975) reported that the longfin mako was captured in nearly every month but noted peaks in abundance in surveys conducted during August-November in 1971 and during April-May and August-November in 1972. Observations from recent studies of the artisanal pelagic longline fishery along the northern coast of Cuba have indicated that the longfin mako continues to be caught year-round and peaks in relative abundance during January-March (J. Angulo Valdes, unpubl. data). Dodrill and Gilmore (1979) documented a beached specimen of longfin mako at Melbourne Beach, along the east coast of Florida, during the month of December (in 1975) and made note in their addendum of 2 additional specimens captured with drift longlines at depths of 200-400 m between Jupiter and Sebastian Inlets during the months of April and May (in 1978) . In a 2-year study of the shark bycatch in the swordfish fishery off the east coast of Florida, Berkeley and Campos (1988) recorded 2 longfin makos captured during the months of October and December (in 1982) .
In our study, both male longfin makos moved into the MAB during the months of June and July and used outer continental shelf, slope, and oceanic habitats during this period. Conventional tagging data from this area indicated a similar distribution of captures, along with a male:female ratio of 1.9:1.0, for the longfin mako (Kohler et al., 1998) . Data provided by the NMFS Pelagic Observer Program (POP) for the period 1992-2014 indicated that 18% of longfin makos documented were from the MAB area (delineated as 35-43°N; 71-78°W) and that the greatest proportion were landed in July and August (combined 45%) (Cortés 5 ). Of the 11 geographic areas covered by the POP, only the GOM had a larger proportion of longfin mako captures (34%) than the MAB (Cortés 6 ).
Diel vertical movement
The depth and temperature data from the tags of LFM1 and LFM2 indicate a daily pattern of vertical movement between near-surface waters and the mesopelagic zone, with overall depth and temperature ranges of 0-1767 m and 4.0-28.8° C. A pattern of DVM was evident with greater time at depth during the day and more time in the mixed layer at night. These observations are consistent with longline catches of longfin makos in that most captures occur during overnight sets with baits set at depths of 0-220 m below the surface (Dodrill and Gilmore, 1979; Queiroz et al., 2006; Hemida and Capapé, 2008; Bustamante et al., 2009) . Satellite tracking results for its congener, the shortfin mako, indicate a similar DVM pattern, but shortfin makos do not appear to have as great a tolerance for depth and cold temperatures. In the western North Atlantic Ocean, for example, a tagged shortfin mako had depth and temperature ranges of 0-556 m and 10.4-28.6° C (Loefer et al., 2005) , and results from tracking a shortfin mako in the southwest Pacific indicated a comparable vertical movement pattern of shallower depths at night than those during the day, descents to 620 m, and a temperature range of 8.8-23.4°C (Stevens et al., 2010) . Similar DVM behavior has been observed in a number of other pelagic shark species, including the bigeye thresher (Alopias superciliosus; Stevens et al., 2010) , white shark (Nasby-Lucas et al., 2009), and porbeagle (Saunders et al., 2011) , as well as in pelagic teleosts such as the swordfish (Carey and Robison, 1981; Abascal et al., 2010; Sepulveda et al., 2010) and bigeye tuna (T. obesus; Musyl et al., 2003) , and it often has been suggested that this behavior is a response to the movement of their prey (Musyl et al., 2003; Stevens et al., 2010; Saunders et al., 2011) . Although the diet of the longfin mako has not been described fully, the presumed prey of this species includes schooling fish and pelagic squid species (Compagno, 2001 ). The latter may be the more important dietary component because squid and squid beaks have been identified in the contents of stomachs of longfin makos (Dodril and Gilmore, 1979; Castro, 2011) and are similarly a known component of the shortfin mako diet (Stillwell and Kohler, 1982; Maia et al., 2006) . The stomach of a 310-cm-TL female longfin mako from the southeastern Pacific Ocean contained squid remains, most likely from jumbo squid (Dosidicus gigas; Bustamante et al., 2009) . Pelagic cephalopods also have been shown to be diel vertical migrators (Roper and Young, 1975) . A distinct DVM pattern was observed for jumbo squid tagged with satellite tags: they spent most daylight hours at depths >250 m, rose toward the surface at dusk, and spent the majority of time at night at depths <150 m (Gilly et al., 2006) . This pattern is similar to stratified by mid-summer and is characterized by the formation of a warm, mixed surface layer of about 30 m in depth (Castelao et al., 2008) . We noted a shallower mean depth at nighttime (~30 m) for LFM2 during June and July that indicates a nighttime preference for this mixed layer. Similarly, satellite tagging of bluefin tunas (T. thynnus) in the Atlantic Ocean has indicated a shallower summertime depth distribution when bluefin tunas occupy well-stratified water in this region (Galuardi and Lutcavage, 2012) . The 60-d track of a shortfin mako tagged in Gulf Stream waters off South Carolina also had a decrease in nightly depth range after the summer solstice, indicating that the shark or its prey was tracking a thermal regime at night (Loefer et al., 2005) . In a study of the diet of large, pelagic, predatory fish species in this same region of the North Atlantic Ocean, the most common component of stomach contents was cephalopods, and the highest biomass was represented by ommastrephid squid species (Logan et al., 2013) .
Taken together, the data from these studies indicate that longfin makos use this area off the MAB as a summer feeding area and adjust their vertical movement patterns in response to seasonal changes in distributions of cephalopod or teleost prey to maximize foraging efficiency. Because both LFM1 and LFM2 were sexually mature males, we cannot discount the possibility that this area may also be a mating ground for this species. Using NMFS POP data from the MAB (Keene 7 ), we estimated that 58% of female and 46% of male longfin makos caught in this area are of a sexually mature size. There is evidence that other lamnids, such as the white shark, use the MAB as both feeding and mating grounds (Gilmore, 1993) . However, additional information, such as the presence of female longfin makos with fresh mating scars, will be needed to verify that the MAB is a mating ground for this species.
Use of deep, cold habitat and endothermy
Profiles of time at depth and time at temperature for the 2 longfin makos (Fig. 6 ) indicated that this species is capable of using cold, deepwater habitat for extended periods of time (42-54% of time at depths >200 m; 14-20% of time at temperatures ≤12° C), particularly during daytime hours. This pattern contrasts with that of its congener, the shortfin mako, which appears to make only brief excursions below the thermocline (Abascal et al., 2011) and reportedly spends only 4% of its time at depths greater than 300 m in the southwest Pacific (Stevens et al., 2010 ) and only about 6-10% of its time at depths exceeding 200 m in the northwestern Atlantic Ocean (Vaudo 8 the pattern of movements of longfin makos observed in our study and indicate that the diel pattern of the longfin mako may be related to a habit of following cephalopod prey. The importance of the convergence of the tracks of LFM1 and LFM2 in the MAB in summer is unclear, but their movements likely are influenced directly or indirectly by water temperature, given their observed tendency to remain near or within the Gulf Stream (Fig.  2) . The water column in this region becomes strongly Lamnid shark species have the ability to conserve metabolic heat by means of vascular countercurrent heat exchangers (a complex called the retia mirabilia) and can maintain their tissues at temperatures significantly above ambient temperatures, likely as a means for broadening their habitat (Block and Carey, 1985; Goldman, 1997; Goldman et al., 2004) . In a study of body temperature measurements and anatomical features related to heat production and conservation for lamnid species, the longfin mako was found to have a relatively small amount of red muscle and poorly developed retia mirabilia and consequently was rated as the least endothermic of the lamnid shark species . However, these authors suggest that the retia mirabilia of the longfin mako could increase its thermal inertia and prolong cooling time so that this shark species can maintain a body temperature higher than the ambient temperature in cold, deep waters after spending periods of time in warm surface waters. Our findings that daytime vertical activity and interforay duration both are related to temperature at depth (Figs. 7 and 8) are consistent with this hypothesis. Tracked shortfin makos have shown a similar pattern in the southeastern Pacific Ocean in that reduced thermal structure of the water column coincided with a decrease in the vertical activity of these fish (Abascal et al., 2011) .
We hypothesize that LFM2 conducted regular forays during daytime from cold depths to surface waters to gain heat lost at depth. A similar daytime movement pattern from depth to surface waters has been described for the blue shark (Prionace glauca; Carey et al., 1990) , and this movement pattern is a thermoregulatory strategy that is aided by the property of muscle to warm up more quickly than the time it takes to cool down (Carey and Gibson, 1987) . In contrast to the blue shark, the endothermic longfin mako may be able to remain warmer than the ambient water temperature for longer periods of time at depth and then re-warm rapidly during relatively brief forays to the surface. This form of behavioral thermoregulation may enable longfin makos to remain active predators in cold water and to exploit agile, vertically migrating prey, such as pelagic squid species that would largely become unavailable (during the day) to competing ectothermic predators.
We also noted nighttime vertical oscillations of LFM2 from near surface waters to depths >300 m (Fig. 9) . The subsequent ascents brought this shark within 3 m of the surface, perhaps to regain heat after a period (20-40 min) at cold depths. For the shortfin mako, directed descents into deeper water, followed by rapid ascents (also known as bounce dives), have been associated primarily with daytime hours (Abascal et al., 2011) and have been correlated with successful feeding events at depth (Sepulveda et al., 2004) . Although a DVM pattern has been reported for satellite-tracked jumbo squid, a highly variable amount of nighttime diving to depths in excess of 300 m has been observed for this species (Gilly et al., 2006) . It is likely that the nighttime forays we observed with LFM2 are related to foraging and may be a response to variable nighttime movement patterns of its pelagic prey. The large size of the longfin mako (second largest of all lamnid species after the white shark, by length) may also be thermally advantageous by further minimizing conductive heat loss to surrounding sea water. Larger shortfin makos have been found to dive to greater maximum depths than those attained by smaller specimens (Sepulveda et al., 2004) . As with all other lamnid shark species, the longfin mako has the capacity to maintain its visceral temperature substantially above ambient sea temperature through a suprahepatic rete Bernal et al., 2012) , which may be a mechanism for enhancing rates of digestion and food assimilation (Goldman 1997; Newton et al., 2015) .
Implications for conservation strategies
Pelagic longline fisheries pose a principal threat to longfin makos (Reardon et al., 2006) . Although bycatch data for this species are insufficient, there are published accounts of longfin makos having been captured in gear that targeted swordfish (Dodrill and Gilmore, 1979; Buencuerpo et al., 1998; Queiroz et al., 2006; Mucientes et al., 2013) . In a report on the swordfish fishery along the east coast of Florida, Berkeley and Campos (1988) noted that more shark species than target species were captured and that the overall mortality rate was 66% for 13 species of hooked sharks. Furthermore, in a recent 1-year survey (conducted from October 2010 through November 2011) of the pelagic longline fishery along the northwestern coast of Cuba, the longfin mako was the second-most abundant shark species landed (by number), exceeded only by the shortfin mako, out of the 15 different shark species observed (Aguilar et al., 2014) . A nearly 5-year (from October 2010 through April 2015) pilot monitoring program of the same fishery documented the longfin mako as the most abundant pelagic shark species landed (MINAL, 2015) . Currently, there are no restrictions on catches of longfin makos in the waters of Cuba. In U.S. waters, the year-round or seasonal closing of areas to pelagic longline fisheries in the GOM and Atlantic Ocean appear to offer minimal protection for this species. Although based on only 2 tracks from 2 individuals, our data do not indicate that these sharks spent much time inside these closed areas, where they could have been protected from pelagic longlining.
The effect of this fishing pressure may be profound for the longfin mako, given its lower fecundity (2-8 pups per litter; Guitart Manday, 1975; Compagno, 2001 ) than that of the shortfin mako (4-25 pups per litter; Mollet et al., 2000; Compagno, 2001) . The combination of this low productivity and high susceptibility of longfin makos to longline gear has led to this species being ranked as highly vulnerable in ecological risk assessments of shark species caught in pelagic longline fisheries (Cortés et al., 2010 (Cortés et al., , 2015 . With this vulnerability and generally lower abundance in comparison with its conspecific, for which it is often misidentified, the longfin mako is a shark species of special conservation concern in today's oceans.
The depths at which sharks distribute themselves profoundly affect their susceptibility to commercial fisheries (Speed et al., 2010) . The diel vertical movement pattern of the longfin mako contributes to its vulnerability to pelagic longline fisheries, especially to fisheries that target swordfish. Results from a recent study, in which the satellite tracks of sharks were compared with fishing vessel movements in the North Atlantic Ocean, indicate how effectively pelagic longline fleets are exploiting key oceanic shark habitats, almost entirely overlapping fishing effort with preferred habitat of shark species for much of the year (Queiroz et al, 2016) . With only 2 satellite tracks of longfin makos that covered periods of 3-5 months, the results of our study reveal connectivity in the range of this species among the territorial waters of 4 countries-the United States, Cuba, Mexico, and the Bahamas-and hence the vulnerability of this species to fishing fleets from multiple nations. More than 75% of species of pelagic sharks and rays have an elevated risk of extinction due to overfishing (Dulvy et al., 2008) , and large pelagic shark species, such as the longfin mako, have an approximately 80% probability of being threatened (Dulvy et al., 2014) . Effective management and assessment efforts, however, are often impeded by a lack of species-specific fishery and biological data. Although our study contributes new information to the limited knowledge of the longfin mako, continued efforts to improve data collection and the monitoring of pelagic shark catches, particularly in areas of concentrated abundance of longfin makos, such as those off the northern coast of Cuba, are warranted. The recent implementation of the first National Plan of Action for conservation and management of species of sharks and rays by Cuba (MINAL, 2015) is a positive step toward this goal.
